We demonstrate coherent microwave control of rotational and hyperfine states of trapped, ultracold, and chemically stable 23 Na 40 K molecules. Starting with all molecules in the absolute rovibrational and hyperfine ground state, we study rotational transitions in combined magnetic and electric fields and explain the rich hyperfine structure. Following the transfer of the entire molecular ensemble into a single hyperfine level of the first rotationally excited state, J=1, we observe collisional lifetimes of more than 3 s, comparable to those in the rovibrational ground state, J=0. Long-lived ensembles and full quantum state control are prerequisites for the use of ultracold molecules in quantum simulation, precision measurements and quantum information processing.
Ultracold molecules with large electric dipole moments hold great promise as a novel platform for quantum stateresolved chemistry [1] , precision measurements of fundamental constants [2] [3] [4] , quantum computation [5] and quantum simulation [6, 7] , as well as for the realization of new states of dipolar quantum matter [6] [7] [8] . Essentially all anticipated applications depend on the ability to coherently control the quantum state of molecules, implying full control over electronic, vibrational, rotational and nuclear spin degrees of freedom [1] . With the recent production of dipolar molecules at sub-microkelvin temperatures [9] [10] [11] [12] [13] , this full quantum control has come into experimental reach for an entire ensemble of trapped molecules [14] .
Controlling the rotational states of molecules is directly linked to the control over long-range dipolar interactions [15] [16] [17] [18] [19] [20] [21] . Indeed, no state of definite parity can possess a dipole moment, but creating a superposition of opposite-parity rotational states induces one. Such a superposition can be achieved either via applying electric fields, or by coherently driving a microwave transition between rotational states. The potential applications for such coherent control range from quantum simulation of spin Hamiltonians [22] [23] [24] to the realization of topological superfluidity [25] . Also, interaction control is expected to facilitate direct evaporative cooling of ultracold molecules [17, 19, 26] .
In particular, for quantum information applications and many-body physics with dipolar molecules, a long lifetime of molecules in their individual quantum states is a key requirement. This is a prerequisite for having a large number of possible gate operations and for equilibration into novel phases, respectively. For ultracold chemically reactive molecules, losses can be prevented by isolating molecules in individual wells of an optical lattice [27] . 23 Na and 40 K atoms in the vicinity of a Feshbach resonance. Subsequently, the Feshbach molecules are transferred to the rovibrational ground state via stimulated Raman adiabatic passage (STIRAP), coherently bridging an energy difference of k B × 7500 K. The powers, frequencies and polarizations of the Raman lasers are optimized for efficient coupling into the lowest energy hyperfine state [12] . The ultracold ensemble contains about 2 ×10
3 molecules, all in the same internal quantum state, trapped in an optical dipole trap at a typical peak density of 1.1 × 10 11 cm −3 and temperature of 400 nK. For detection, we apply STIRAP in reverse, transferring the molecules back to the Feshbach state, where an absorption image is taken using light resonant with the atomic cycling transition of 40 K [29] . The absolute ground state of bialkali molecules is an electronic spin-singlet state, X 1 Σ + . Therefore, the hyperfine structure arises solely from the nuclear spins of 23 Na and 40 K, I Na =3/2 and I K =4, and their interplay with the rotation of the molecule. This leads to (2I Na +1)(2I K +1) = 36 hyperfine states in the rotational ground state J=0, and (2J+1)(2I Na +1)(2I K +1) = 108 states in the first rotationally excited state J=1. Already for magnetic fields above 2 G, the hyperfine structure of the rotational ground state J=0 is dominated by the Zeeman effect of the 23 Na and 40 K nuclei [30] ; in this regime, the states X 23 Na 40 K molecules in the rovibrational ground state is stable against two-body chemical reactions [32] , and inelastic losses are suppressed as a consequence of fermionic quantum statistics.
The frequencies of rotational transitions from J=0 to J=1 are about 2B rot ≈5.643 GHz, where B rot is the rotational constant of v=0. If we were to neglect nuclear spins, the J=1 state would split into three sub-levels with m J =0, ±1, giving rise to three electric dipole-allowed transitions from J=0 to J=1, as schematically shown in Fig. 1(a) . However, hyperfine interactions strongly couple rotation and nuclear spin, and additional states in the J=1 manifold with different nuclear spin projections become accessible. The only quantum number that remains good at all magnetic and electric fields is the projection of the total angular momentum m F = m J +m INa +m IK . From the initial state, only those J=1 hyperfine states that satisfy the selection rule ∆m F =0, ±1 can be reached using π, σ ± polarization, respectively.
We drive rotational transitions on the trapped, spin- polarized ensemble and perform microwave spectroscopy to resolve the hyperfine structure of the first excited rotational state for magnetic fields up to 220 G and electric fields up to 90 V/cm. A typical spectrum is displayed in Fig. 1(b) , obtained by monitoring the remaining population in the absolute ground state |0, 0, 3/2, −4 after microwave exposure, showing four dominant resonances. Figure 2 (a) summarizes the observed microwave transitions as a function of magnetic field, while the electric field is zero. The spectra are well described by a theoretical model of the hyperfine interaction in X Fig. 2 (a) that can be uniquely assigned to a single transition. The respective standard errors are determined using a bootstrap method, involving the resampling of residuals. The rotational g-factor grot and the scalar nuclear spin-spin constant c4 are not varied in the fit; their impact is negligible in the investigated parameter regime. [39, 40] . Here, H rot = B rot hJ(J + 1) is the rotational contribution.
captures the Zeeman effect caused by the nuclear magnetic moments of 23 Na and 40 K and the much weaker rotational magnetic moment g rot µ N , with µ N being the nuclear magneton and B the magnetic field strength. While H rot and H Z are diagonal in the uncoupled basis, the hyperfine interactions are not.
The two relevant hyperfine contributions are H hf = − i=Na, K e(∇E) i · Q i + c 4 I Na · I K . The first term vanishes for J=0, but for J=1 it is the dominant interaction. It describes the interaction of the intramolecular electric field gradient (∇E) i at nucleus i with the respective nuclear electric quadrupole moment eQ i , where e is the electron charge. Matrix elements of −e(∇E) i ·Q i are proportional to the quadrupole coupling constant (eqQ) i . The second term denotes the relatively weak scalar nuclear spin-spin interaction, present both for J=0 and J=1. Nuclear spin-rotation interactions as well as the direct dipole-dipole interaction between the nuclear spins [39] were found to give negligible contributions. Fitting this model to the observed spectra yields the molecular constants summarized in Table I. When applying electric fields, already above few tens of V/cm, the complexity of the rotational spectra reduces significantly, as shown in Fig. 2(b) . In this regime, the Stark effect H S = − d · E dominates over the hyperfine interactions, where d denotes the permanent electric dipole moment of the molecules and E the electric field. Equipped with the understanding of rotational transitions, we can coherently manipulate the internal quantum states of the trapped 23 Na 40 K molecules. As a first application, we demonstrate coherent population transfer between J=0 and J=1, as shown in Fig. 3 . Using a microwave π-pulse to transfer the entire molecular ensemble into the lowest hyperfine state of J=1, we observe a remarkable lifetime of 3.3(4) s, which is comparable to 4.6(7) s measured in the J=0 state; both data sets were taken for an initial peak density of 0.7 × 10 11 cm −3 and a temperature of 400 nK. This demonstrates that even in a rotationally excited state, dense ensembles of ultracold molecules can be collisionally stable. We point out that the van der Waals interactions between molecules in J=1 are significantly less attractive than in J=0, as the corresponding C 6 coefficients are dominated by vir- tual transitions to nearby rotational states [41] . Since the eigenenergies of rotational states can be controlled by the Stark effect [see Fig. 2(b) ], van der Waals interactions in J=1 can be tuned from attractive to repulsive via external electric fields [18] .
In the singlet rovibrational ground state of 23 Na 40 K, the hyperfine states are highly attractive for the storage of quantum information. Due to the absence of electron spin, only nuclear spins remain and give rise to comparably small magnetic moments. This makes superpositions of such hyperfine states inherently insensitive to magnetic field noise. However, the same small magnetic moments hamper the creation of hyperfine superpositions in J=0 via direct magnetic spin-flip transitions.
In contrast, transitions between rotational states involve the large electric dipole moment of the NaK molecule, and Rabi frequencies for a given electromagnetic wave are about m p /(m e α) ∼ 10 5 times higher than magnetic dipole transitions. Therefore, two consecutive rotational transitions J=0 → J=1 → J=0 or coherent two-photon transitions can efficiently create superpositions of hyperfine states in J=0 [14] . Figure 4 demonstrates that mixing of nuclear spins within the first rotationally excited state can serve as a bridge to coherently manipulate hyperfine states within the rotational ground state of 23 Na 40 K. While J=0 states above 2 G have defined nuclear spin projections m INa and m IK , J=1 states have mixed spin character as nuclear quadrupole coupling remains significant for magnetic fields up to several hundred G. Using two consecutive microwave pulses, the initial hyperfine state |0, 0, 3/2, −4 can first be transferred to an intermediate mixed state |E , and subsequently coupled to a different hyperfine state of J=0. The spectrum in Fig. 4(b) shows that the mixing in J=1 can be sufficiently strong to access several hyperfine states in the rotational ground state. We compare the coupling strengths of the first and the second transition by recording Rabi oscillations [see Fig. 4(c) ]. For identical microwave powers, the Rabi frequencies Ω 1 ≈ 2π × 3.4 kHz and Ω 2 ≈ 2π × 2.1 kHz are comparable, indicating similar magnitudes for the amplitudes α and β. This opens the possibility of driving efficient, direct two-photon transitions between two J=0 hyperfine states.
In conclusion, we have demonstrated coherent microwave control of rotational and hyperfine states of ultracold 23 Na 40 K molecules. In particular, we have transferred the entire molecular sample to the first rotationally excited state and revealed that collisional lifetimes in J=1 can be long, comparable to those in the J=0 state. Utilizing the strongly mixed nuclear spin character in the J=1 state, we have coherently transferred population between hyperfine states of the rotational ground state. Achieving full control over internal degrees of freedom is a crucial step towards applications of dipolar molecules for the realization of novel many-body phenomena, such as SU(N) symmetric physics and topological superfluidity. Microwave and electric field control of long-lived rotational states allows the engineering of collisional properties of dipolar molecules, which may facilitate the evaporative cooling of chemically stable molecules to reach quantum degeneracy.
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